A major limitation of piezoelectric translator ͑PZT͒ actuators is their lack of accuracy originated from the hysteresis and creep. Nevertheless the creep phenomenon is an important factor in many applications of PZT actuators, but it has been investigated less frequently in comparison with the displacement hysteresis. In this article, we present a basic creep model with some parameters that have hysteresis properties which make it possible to predict an open loop response of PZT actuators based on these properties.
I. INTRODUCTION
Piezoelectric translator ͑PZT͒ actuators, with their high stiffness, fast frequency response, and high resolution, are increasingly being used in micropositioning applications. 1 However, they are fundamentally nonlinear in their displacement to an applied electric field because PZT materials are ferroelectric. 2 Nonlinearities in PZT can be classified in two categories. First is the hysteresis relation between the applied electric fields and the displacements. Second is the creep phenomenon, which is the drift of the displacement of PZT for a constant applied electric field. There have been many efforts to analyze and compensate for the hysteresis effects as the use of PZT actuators increased. [3] [4] [5] However, creep phenomenon has been investigated less frequently compared with hysteresis, while its phenomenon is a very important factor in many application of the PZT actuator. For instance, in a surface measurement system which can be a laser interferometry or a scanning probe type, the measuring sample should not only be positioned precisely, but also keep its position without any movement while the measuring operation is going on. In many other cases as well as this case, analyzing slow drift of PZT displacement after applying a constant electric field is very important for improving the precision positioning. The purpose of this article is to investigate the PZT actuator's creep characteristics. We suggest that the PZT actuator's creep has hysteretic properties and therefore it can be possible to predict an open loop response of a PZT actuator based on these properties. Figure 1 illustrates a typical PZT response for a step input voltage. When applying any specified input voltage, PZT shows its step response with a dynamic transient behavior within a few milliseconds followed by the creep response, which is a much slower drift response than the previous dynamic one. Generally, it has been known that the creep response has a logarithmic shape over time. This can be represented by the following equation:
II. CREEP MODELING
6 L͑t ͒ϭLo ͫ 1ϩ␥ log 10ͩ t 0.1 ͪͬ ,
͑1͒
where L(t) is a PZT actuator's displacement for any fixed input voltage, Lo is a nominal constant displacement value which is the displacement of 0.1 s after applying the input voltage, and ␥ is a creep factor that determines the rate of the logarithm. At tϭ0.1 s in Eq. ͑1͒, the response displacement reaches the nominal displacement Lo, causing this equation to exclude a PZT dynamic response. We already know that the nominal displacement Lo has a hysteresis property about the applied voltage loops and it also has a different hysteresis shape, depending on which kinds of PZT actuators and mechanical loads are used. In the case of ␥, it is known only that ␥ lies between 0.01 and 0.02, and it changes according to an applied voltage. However, ␥ is not defined exactly for the specific input voltage. placements at 0.1 s after applying the input voltage for each response curve is shifted to 0. Moreover, even if the final applied voltages are the same, the value of the parameter ␥ is still different from the others according to the history of the past applied voltages. This is shown in Fig. 3 . It is surprisingly similar to the phenomenon known as hysteresis. To determine whether this phenomenon has any relation to hysteresis, we performed some experiments. In this article we extract Lo and ␥ values from the experiments that have different sets of input voltages, and investigate these two parameters' properties.
III. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 4 . We used a stack-type PZT actuator ͑AE0505D08, TOKIN͒ which has nominal displacements of 6 m for 100 V. The guide mechanism was designed and made in our laboratory with a flexible hinge mechanism that gives a spring load to the PZT and guides the actuator linearly by eight leaf flextures. 7 The displacement sensor is a noncontact capacitive sensor ͑3890 system, ADE͒ with a 2.5 nm resolution.
IV. ESTIMATION OF Lo,␥
To investigate whether the creep phenomenon has any relation to the hysteresis, we applied a series of voltage steps shown in Fig. 5 ͑it is similar to a ladder͒. Each step has a 5 V height and 20 s duration. In each 20 s duration, the PZT actuator may expand its length approximately with proportion to the applied voltage and this response shows the same pattern shown in Fig. 1 . Each step response data is measured by the displacement sensor and stored with an interval of 0.2 s. Figure 6 shows the step displacement response of PZT. In each step, we can see a slow creep response after a short transient response. In this slow creep region of each step, Lo and ␥ parameters can be estimated from Eq. ͑1͒ with the least square method. Figure 7 shows how well this estimated curve fits the response curve. It has been taken when the input voltage is 25 V. In this figure, Lo is estimated at 1.84 m and ␥ is estimated at 0.0137, and their uncertainties are 0.000 74 m for Loand 0.000 29 for ␥. This was calculated as follows. Equation ͑1͒ may be represented by a linear simple regression model
where y i is L(t i ), a is Lo, b is Lo␥, and x i is log 10 (t i /0.1). Lo and Lo␥ are two parameters of a linear simple regression model. Therefore uncertainties u ͑generally standard deviation ͒ are derived as follows: where nϭnumber of data. ␥ can be represented by Lo, Lo␥ as Eq. ͑7͒:
Then the uncertainty of ␥ can be calculated by means of the combined standard uncertainty.
9 Figure 8 shows uncertainty errors of Lo and ␥ with respect to the input voltages shown in Fig. 5 . Lo has a range of 0-7 m and uncertainty of Lo has a range of 7.0 ϫ10 Ϫ4 -13ϫ10 Ϫ4 m, which is almost 0.001% of the calculated Lo. ␥ has a range of Ϫ0.2-0.02, and uncertainty of ␥ gas a range of 1.0ϫ10 Ϫ4 -7.0ϫ10 Ϫ4 , which is almost 0.1% of the calculated ␥ value. Figure 9 shows the reduced 2 test ͑ v 2 test v 2 ϭs 2 / 2 ͒. s 2 is the variance of the fit, 2 is the parent variance of the displacement data which were derived from the displacement data acquired after 30 min from the application of the input voltage. Acquisition after 30 min guarantees the removal of the creep effect in the response. Therefore, the displacement data acquired after 30 min can be thought to bear the pure parent variance. In this figure v 2 is between 0.8 and 2.8, which guarantees that this fitting method is reasonable.
V. RESULTS
Lo and ␥ with respect to the applied voltages in Fig. 5 are shown in Fig. 10 . As shown in the figures, Lo and ␥ shows the hysteresis loop and it keeps its properties even when many loops have passed. Two meaningful features can be derived from these figures. First, as for Lo, it is similar to a conventional PZT actuator's hysteresis loop which is already known. The conventional hysteresis loop is obtained by the way that specific displacement data points in the hysteresis loop are acquired at fixed time interval after applying a specific voltage to the PZT actuator. However, since the PZT actuator has creep characteristics in its expansion, its displacement data for a fixed applied voltage have different values according to the different sampling intervals. Therefore, the conventional hysteresis loops have different shapes according to the different sampling intervals. However, in Fig. 10͑a͒ , each Lo point in the hysteresis loop has been acquired from all the displacement data points in each step through the Creep model and the least square method stated earlier. Therefore, the Lo hysteresis loop is uniform regardless of the sampling interval. Second, the creep factor ␥ shows a loop and hysteresis characteristics like Figs. 10 and 11. Until now, the creep factor ␥ has been known to have some value between 0 and 0.02, but its exact value was not known. But as shown in Figs. 10 and 11 the creep factor ␥ under any voltage input can be defined definitely by the hysteresis loop. But Fig. 12 shows that creep factor ␥ has an asymmetric property, while Lo has symmetric property as an input voltage is ascending or descending. However, using this creep hysteresis characteristic, PZT creep response can be treated like the displacement hysteresis except for the asymmetric property. That is, it can be represented by the mathematical model. 4, 5, 10 Therefore, if these two factors can be estimated exactly, it is possible to predict not only the nominal displacement of PZT for any arbitrary input voltage but also the drift of response after the PZT, reaching the nominal displacement by the mathematical model, which of course will be our future work.
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